Images that are obtained with intravascular ultrasonography show great variability in quality and create problems in interpretation.lF3
The angle of incidence of the ultrasonic beam: A critical factor for the image quality in intravascular ultrasonography
The effects of the angle of incidence of the ultrasound beam on the image quality were studied in 21 pressurized arterial specimens examined with a 30 fulHz intravascular ultrasonographic catheter. When the ultrasonographic catheter was in an eccentric position in the vessel lumen, the videodensity of the segments of the vessel wail with the least favorable angle of interrogation (a shift of 49 k 6 degrees from the tangent to the tissue surface) was 27% + 19% lower than the videodensity measured with the catheter in the center of the lumen. When the catheter was placed in a position that was not parallel to the long axis of the vessel, a further decrease was observed, especially in the vessel wall opposite the position of the catheter. An artificial dissection was induced in eight specimens. Dropouts that involved the dissection plane and the underlying structures were produced with positions of the echographic catheter inducing a narrow angle between ultrasound beam and dissection plane. These experimentally induced artifacts were compared with similar findings from the in vivo evaluation of peripheral and coronary arteries. The angle of incidence of the ultrasound beam is a major determinant of the image quality in intravascular ultrasonography. Angle-dependent artifacts occur with eccentric and noncoaxial positions of the ultrasonographic catheter and, in particular, with imaging of large intraluminal dissections. Awareness of this problem may prevent image misinterpretation and has relevance for future improvement of catheter technology and design. (AM HEART J 1993;125:442.) Fig. 1 . Three intravascular ultrasonographic images of a common carotid artery (elastic type of artery as determined from histologic studies) examined in vitro, with internal pressure maintained at 100 mm Hg. A, The catheter is in the center of the vessel lumen, and the vessel wall shows a uniform intensity. B, The catheter is eccentric in the lumen but parallel to the long axis of the vessel. Note the well-preserved circular shape of the lumen, with a maximal videodensity of the vessel wall in the segment beside the catheter and a minimal videodensity in the lateral walls. C, When the catheter is not parallel to the long axis of the vessel, the lumen becomes elliptic, with a further decrease in videodensity of the vessel wall and especially of the segment opposite the catheter (calibration = 1 mm). D, The drawing shows the position of the regions of interest in which the videodensity has been measured. 4 The angle of incidence of the ultrasound beam is measured as the angle included between the tangent to the midpoint of the intimal surface of the segment of interest and the line joining this point with the center of the catheter. the vessel, wall irregularities, or dissections) may preclude this optimal situation. In an attempt to improve interpretation of in vivo intravascular ultrasonographic images we reproduced and quantitatively studied angle-dependent artifacts in in vitro pressurized arteries with and without artificially induced arterial wall dissections.
METHODS
Material. Twenty-one arterial specimens of 5 to 6 cm in length were obtained from 13 subjects at autopsy (18 common or external iliac arteries and 3 common carotid arteries). One end of the arterial specimen was closed, and the other was tied to a 7F valved sheath. Saline solution was injected through the side arm of the sheath, and the pressure, which was monitored with a Gould P23ID pressure transducer (Viggo-Spectramed Inc., Critical Care Div., Oxnard, Calif.), was increased to 100 mm Hg and maintained at this level throughout the examination. A 5F 30 MHz rotating element ultrasonographic catheter (DuMed, Rotterdam, The Netherlands)3 was advanced to the midpoint of the arterial segment through the valved sheath. The internal diameters of the examined vessels were measured at 100 mm Hg with a previously described analysis program4 and ranged from .6.2 to 8.9 mm (mean, 7.4 t 1.4 mm).
Intravascular ultrasonographic examination. Crosssectional imaging was performed with the catheter positioned both in the center of the vessel lumen and close to the vessel wall ( Fig. 1, A and B) . The time-gain compensation was unchanged throughout the examination procedure. Subsequently, the closed end of the vessel was raised, which simulated a curvature of 10 to 50 degrees between the proximal segment of the vessel that contained the 444 LA Mario et al.
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Heart Journal echographic catheter and the imaged distal segment of the vessel ( Fig. 1 , C). A previously described computerized system" was used to calculate the mean videodensity of four regions of interest, which were situated along the circumference of the vessel wall as shown in Fig. 1 , D. These measurements were performed with the catheter positioned centrally in the vessel lumen, close to the vessel wall (eccentric position), and noncoaxial with the long axis of the vessel. The angle of interrogation of these regions was measured as the angle between the tangent to the vessel wall and the line that connected the midpoint of the intima1 contour of the region of interest with the center of the catheter (Fig. 1, D) . In 8 of these 21 specimens an artificial dissection was created by careful separation of the internal and external parts of the vessel wall through half of the circumference of the vessel. The specimens were then embedded in an agar-agar solution with the induced flap largely protruding inside the vessel lumen. Cross-sectional ultrasonic imaging was performed with the ultrasonographic catheter placed in various positions within the true and false lumens of the vessel. The examined positions of the vessel were marked with India ink and corresponding histologic cross-sections (5 pm in thickness) were obtained and stained with hematoxylin azophloxine and Verhoeffs Elastin van Gieson.
Statistical analysis. Analysis of variance (Fisher's exact test) was used to detect the presence of significant differences in videodensity for each position of the transducer. When this test was statistically significant (eccentric and noncoaxial positions) a paired t test was used to compare each pair of regions of interest. An unpaired t test was used to compare the difference in videodensity of corresponding areas that were examined with different positions of the transducer.
RESULTS
As determined from histologic examination, 13 arteries were classified as muscular, 5 as elastic, and 3 as transitional according to previously reported criteria.6 A thin layer of diffuse fibrous intimal thickening was observed in 19 arteries. Two arteries showed an atherosclerotic plaque in the studied cross-section. In the eight arteries that were used as a model of wall dissection, the dissected wall was composed of a thickened intimal layer in two cases, intima and the full thickness of the medial layer in three cases, and intima and part of the media in three cases. With the exception of the two arteries with focal atherosclerotic plaques, the videodensity of the four regions of interest (Fig. 1, D) was similar when the catheter was in a central position in the vessel lumen (Fig. 2) .
Eccentric position of the catheter. When the catheter was positioned close to the vessel wall, the videodensity was higher in the segment close to the ultrasonographic transducer (segment A) and was lower in the opposite vessel segment (segment C) (Fig. 2) (p < 0.01). The maximal reduction in videodensity, however, was not observed in the position of maximal distance from the transducer but in the lateral segments (segments B and D in Fig. 2 ) (p < 0.01). For these two areas the angle between the ultrasound beam and the examined vessel segment was 49 r 6 degrees, and the mean videodensity was 27 % k 19 4;; lower than the videodensity that was measured when the catheter was in a central position (p < 0.02).
Noncoaxial orientation of the catheter. In the model that was used in this study, when the catheter was not parallel to the long axis of the imaged vessel, the catheter was also in an eccentric position in the vessel lumen (Fig. 1, C) . Thus the observed changes in videodensity were the combined result of the changes in two planes of the angle of incidence of the ultrasound beam. In comparison with the measurements in an eccentric but coaxial position, a further decrease in videodensity was observed, especially in the segment opposite the position of the catheter (NS).
Wall dissection. In the presence of a dissected flap inside the vessel lumen, extremely narrow angles between ultrasound beam and plane of dissection could be induced by manipulating the catheter both in the true lumen and the false lumen (Fig. 3) . In these positions, the dissected flap could not be visualized with ultrasonography. Furthermore, the dissected flap concealed the underlying lumen and vessel wall so that the identification of dimensions and shape of the true and false lumens became impossible. These effects were dependent only on the angle of incidence of the ultrasound beam. Thickness, severity of intima1 fibrosis, and presence or absence of medial layer in the dissected flap did not influence the results.
Atherosclerotic plaques. Fig. 4 shows that the delineation and characterization with intravascular ultrasonography of the atherosclerotic plaque is more difficult when this structure is imaged with an unfavorable angle of incidence.
DISCUSSION
The ratio of the dimensions of the wavelength of the incident beam to the dimensions of the target structure is a major determinant of the backscattered power. If the dimensions of the target are much smaller than those of the beam wavelength, the object behaves as an ideal point scatterer, and its backscatter is similar in all directions. On the contrary, larger structures cause a directional backscatter that depends on the shape of these structures. For a simple flat interface, the backscattered energy decreases if the angle between the ultrasonic beam and the normal to the tissue surface increases. When these basic principles are applied to intravascular ultra- sonographic imaging, red blood cell dimensions are similar to the wavelength of the high-frequency (30 MHz) transducers which are used so that the backscatter of blood can be considered omnidirectional. The behavior of the vessel wall, on the contrary, is inhomogeneous and dependent on the dimension, shape, and orientation of its components, with the presence of various levels of directional backscatter. The uniform directional backscatter of the red blood cells explains why areas of vascular lumen are well delineated in Fig. 5, A and B, whereas the adjacent vessel walls show large dropouts.
In vitro studies. Picano et a1,7 several years before the development of intravascular ultrasonography, reported that a strongly angle-dependent backscatter is typical of calcific and fibrous plaque components, whereas fatty plaques have a less directive pattern. More recently, de Kroon et a1.8 showed an anisotropic behavior of the muscular and elastic medial layers, with a larger angle-dependent reduction of the integrated backscattered power in planes that are parallel to the long axis of the fibers than in planes that are perpendicular to this axis. In these studies, which were carried out with acoustic microscopes, the focus was on potential interest in these changes for tissue characterization.
Nishimura et a1.g used intravascular ultrasonographic catheters to measure circular wells of known diameter. They observed that the luminal dimensions did not change with the position of the catheter as long as it was parallel to the long axis of the well. A noncoaxial orientation at an angle of 30 degrees, on the contrary, resulted in an increase of 20% of the luminal area, which became elliptical.
Our experience suggests that eccentric or noncoaxial positions of the catheter are not only important for the accuracy of the measurements of the lumen area but also that they also influence the quality of the echographic images of both the normal wall and the atherosclerotic plaques. The lack of steerability of the present generation of ultrasonographic catheters precludes an effective correction of eccentric or noncoaxial catheter positions. Improvement in catheter technology and design (steerability of the catheter, multiplane imaging) is desirable to overcome the present limitations of intravascular ultrasonography. A model of artificial dissection was used to understand the images after balloon angioplasty. The complexity of these images is caused by the very narrow angle between the dissected wall and the ultra- sound beam. The failure to image the vessel wall underlying these dissection flaps is likely to be the result of the decrease in ultrasound energy as it crosses the dissected wall in both directions of the wave propagation (from transducer to underlying structures and vice versa) above a critical angle of incidence of the ultrasound beam. In vivo studies. An eccentric position of the ultrasonographic catheter, close to the intimal surface of the vessel, is the rule rather than the exception in intravascular ultrasonography. The angle between the ultrasound beam and the vessel wall depends on the dimension of the lumen, and wider angles are observed in larger vessels. The coronary arteries have a small diameter (normally 2 to 4 mm) relative to the diameter of the currently used ultrasonographic catheters (1.0 to 1.6 mm) so that presence and severity of angle-dependent artifacts in these vessels are minimized. In larger vessels, however, partial or complete dropouts of the vessel wall may occur. The echogenicity and the omnidirectional backscatter of blood may allow the tracing of the contour of the vessel lumen despite the presence of relatively large circumferential dropouts of the vessel wall. Complex artifacts, which are due to the presence of large intraluminal dissections, have been common in our experience in patients who were undergoing balloon dilatation of peripheral arteries. Examinations of adjacent cross-sections and knowledge of the principles that underlie the specific features of these images may facilitate their correct interpretation. Unfavorable or eccentric catheter positions have already been reported as a cause of failure or overestimation and distortion of lumen area in intravascular ultrasonographic studies of both peripherallO-l2 and coronary vessels. 13-20 The peculiar characteristics of the artifacts that we observed with large protruding dissections (Fig. 5) , however, have not been previ- Fig. 4 . A, Histologic cross-section of an external iliac artery, with a semicircular plaque composed of stratified lamina of dense fibrous tissue and a well-developed muscular media. (Verhoeff s stain; calibration = 1 mm.) B, and C, Corresponding intravascular ultrasonographic cross-sections with the catheter adjacent to the vessel wall and in the center of the lumen. The atherosclerotic plaque is well delineated when the ultrasound beam has a perpendicular orientation, whereas identification of the plaque contours becomes impossible with a tangential orientation of the ultrasound beam to the tissue surface. Note the sonolucent band corresponding to the muscular media. Fig. 5 . A, Intravascular ultrasonographic image of a superficial femoral artery after balloon dilatation. The catheter is positioned in a crescent-shaped lumen, which is included between the vessel wall and a large intimal flap. Note that the false lumen and the opposite wall behind the dissection are visualized only in the area of perpendicular orientation to the ultrasound beam. A dropout of the underlying structures is observed in the presence of a narrow angle of incidence of the ultrasound beam on the dissection plane (arrows). B, Intravascular ultrasonographic image of a superficial femoral artery after balloon dilatation. Large dropouts of the two extremities of the dissected plane (curved arrows) and of the underlying vessel wall and lumen cause interpretation problems. Note that the omnidirectional backscatter of blood clearly delineates the half-moon shape of the true lumen.
ously described. We observed these changes only in against the opposite wall by the ultrasonographic peripheral vessels, probably because in the smaller catheter, thus avoiding the development of significoronary vessels the protruding plaques that were cant angle-dependent artifacts. dissected from the balloon inflation were pushed Conclusions. The angle of incidence of the ultra-sound beam significantly affects the quality of the echographic image in intravascular ultrasonography and explains the image deterioration that occurs with eccentric or noncoaxial positions of the catheter and particularly in the presence of intraluminal dissection flaps that protrude inside the lumen. Awareness of the importance of this phenomenon may improve image acquisition and prevent misinterpretation of intravascular ultrasonographic images. Future developments in design of intravascular ultrasonographic catheters that allow steerability or multiplane imaging may improve image acquisition and circumvent these limitations.
